Forkhead box O3a (FOXO3a) transcription factor is regulated by complex post-translational modifications that allow for transcriptional control of various apoptosis factors including pro-apoptotic Bim. Although it has been shown that kinases phosphorylate FOXO3a in memory T cells, the role of protein phosphatases in the control of memory T lymphocyte FOXO3a function is less clear. Here, we report that FOXO3a is dephosphorylated (activated) by a protein phosphatase 2A (PP2A)-dependent mechanism in CD8 þ memory lymphocytes (Tm) during Listeria monocytogenes (Lm) infection, which allows for enhanced Bim transcription in nicotinamide adenine dinucleotide phosphate-oxidase p47 phox -deficient (p47 phox À / À ) Tm. Consequently, CD8
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Forkhead box O3a (FOXO3a) transcription factor is regulated by complex post-translational modifications that allow for transcriptional control of various apoptosis factors including pro-apoptotic Bim. Although it has been shown that kinases phosphorylate FOXO3a in memory T cells, the role of protein phosphatases in the control of memory T lymphocyte FOXO3a function is less clear. Here, we report that FOXO3a is dephosphorylated (activated) by a protein phosphatase 2A (PP2A)-dependent mechanism in CD8 þ memory lymphocytes (Tm) during Listeria monocytogenes (Lm) infection, which allows for enhanced Bim transcription in nicotinamide adenine dinucleotide phosphate-oxidase p47 phox -deficient (p47 phox À / À ) Tm. Consequently, CD8
þ Tm from Lm-infected p47 phox À / À mice express significantly higher levels of each pro-apoptotic Bim protein isoform. Furthermore, there was a profound reduction in the accumulation of CD8 þ T central memory (Tcm) cells in infected p47
phox À / À spleens, and 65% p47 phox À / À mouse moribundity following secondary Lm reinfection compared with 25% in wild-type mice. Notably, blocking PP2A activity attenuated FOXO3 activation and Bim transcription in p47 phox À / À CD8 þ memory lymphocytes. Our findings indicate a critical role for p47 phox in a dynamic interplay between PP2A and FOXO3a that regulates pro-apoptotic Bim transcription in CD8 þ memory lymphocytes during infection. Cell Death and Disease (2012) 3, e375; doi:10.1038/cddis.2012.118; published online 23 August 2012
Subject Category: Immunity Intracellular bacteria and viruses elicit robust clonal expansion of CD8 þ lymphocytes. However, the majority are short-lived effectors (Tec) that undergo programmed cell death after pathogen clearance, while two additional populations of antigen-specific CD8 þ lymphocytes are retained as effector memory (Tem) and central memory (Tcm) CD8
þ lymphocytes. 1, 2 Although surviving memory CD8 þ lymphocyte populations remain stable after antigen clearance, memory T lymphocyte (Tm) maintenance is a dynamic process that requires balancing homeostatic proliferation and coordinated Tm apoptosis. Sustaining this balance allows for adequate CD8 þ lymphocyte-mediated protective immunity while avoiding the overaccumulation of activated T cells that can predispose to autoimmunity.
Apoptosis is the major mechanism for antigen-specific T lymphocyte attrition post infection, and for controlling Tm homeostasis and turnover. Although both extrinsic and intrinsic apoptosis pathways regulate activated T-cell death in vitro, the role of the extrinsic pathway in activated T-cell death in vivo remains unresolved. 3, 4 In contrast, a dominant role for intrinsic B-cell lymphoma-2 (Bcl-2) family proteins for activated T-cell death and survival has been established. 3, 4 It has been shown that specific interactions between, as well as anti and pro-apoptotic Bcl-2 family protein ratios control T-cell survival. [4] [5] [6] Bcl-2 is the major anti-apoptotic protein that binds to pro-apoptotic Bim in resting T cells to prevent unstimulated T-cell death.
Recent investigations showed that Bim is critical for activated T-cell contraction in response to super-antigen, and infection with viruses, Leishmania major, and Listeria monocytogenes (Lm) (reviewed in Kurtulus 4 ). In addition, Sabbaugh et al. 7 reported that downregulation of Bim is critical for CD8 þ memory T-cell survival in vivo, and Riou et al. 8 reported that reduced Bim expression facilitates CD4 þ central memory lymphocyte survival. However, although memory lymphocytes are also activated T lymphocytes, the molecular mechanisms that control memory lymphocyte differentiation and survival are poorly understood. p47 phox is recognized as an adaptor protein for the multi-component nicotinamide adenine dinucleotide phosphate-oxidase (NADPH) oxidase (Nox)2, which mediates the single-electron reduction of oxygen to superoxide anion. 9 Chronic granulomatous disease (CGD) is the genetically inherited immunodeficiency that is caused by defects of structural NADPH oxidase2 (Nox2) proteins. 10 CGD patients are at increased risk of developing life-threatening infection, granulomatous inflammation, and active chronic hyperinflammatory diseases. 11, 12 We reported that T cells express Figure 1) , notably, fewer CD4 þ and CD8 þ T lymphocytes accumulated in Lm-infected p47 phox À / À spleens than WT spleens, and p47 phox À / À lymphocytes secreted significantly less IFNg than WT lymphocytes during the early phase of Lm infection ( Figure 1a, Supplementary Figure 2) . Importantly, however, we found that CD8 þ T lymphocytes from Lminfected p47 phox À / À mice lysed target Ova-expressing mouse lymphoma EG7 cells similar to WT lymphocytes on post infection days 3 and 7 ( Figure 1b) . This indicates that despite the early deficiency of IFNg secretion, p47
þ effector cytotoxicity function is intact. Lm-infected spleens from WT and p47 phox À / À mice contained more non-viable T lymphocytes than uninfected control mice 3 days post infection. In addition, Lm-infected p47 phox À / À spleens contained significantly more (Po0.001) non-viable CD4 þ and CD8 þ T lymphocytes than similarly infected WT spleens on post infection day 3. In additional experiments, we did not detect Lm-Ova-specific CD8 þ lymphocytes in the LNs or spleens of WT or p47 phox À / À mice during the initial 72 h post infection, which indicates this early T lymphocyte death is nonselective and not due to the death of antigen-specific CD8 þ lymphocyte. Collectively, these investigations show that relative to WT mice there is more pronounced early T-cell death in Lm-infected p47 phox À / À spleens. Consequently, few T lymphocytes accumulate in p47 phox À / À mice during primary Lm infection.
Impaired p47
phox À / À mouse CD8 þ Tcm responses during Lm infection. To determine whether the observed p47 phox À / À CD8 þ T lymphocyte loss was mediated by Nox2 enzymatic activity we compared mouse survival, and used flow cytometry to distinguish total and antigen-specific CD8 þ lymphocyte differentiation and survival in the Lm-infected 
þ lymphocytes was determined. The data are the mean ( ± S.E.M.) percentage for five individual mice. *Po0.005, **Po0.05 p47 phox À / À and Nox2 catalytic gp91 phox /Nox2-deficient mice. 17 Interestingly and in sharp contrast to p47 phox À / À and WT mice, 25% of gp91 phox À / À mice became moribund following primary sub-lethal Lm infection (Figure 2a ). We also found that fewer total and Ova 257-264 antigen-specific CD8 þ T cells accumulated in p47 phox À / À and gp91 phox À / À spleens 7 days after infection than similarly treated WT spleens (Figure 2b ). However, the total ( Figure 2c ) and antigen-specific ( Figure 2d) phox À / À spleens ( Figure 2c ). Correspondingly, there were 4.5 and 3 times more antigen-specific Tcm in Lminfected WT and gp91 phox À / À spleens, respectively, than similarly treated p47 phox À / À mice ( Figure 2d ). Thus, unlike WT mice, acute Lm infection triggers more antigen-specific Tec and Tem expansion in p47 phox À / À and gp91
mice. However, this effector response is more robust in p47 phox À / À phox À / À mice than gp91 phox À / À mice. The effector function of both CD8 þ effector subset is immediate, 19 which maybe why the p47 phox À / À mouse survival is better relative to the gp91 phox À / À mice in response to primary Lm infection (Figure 2a ). In contrast, significantly fewer antigen-specific CD8
þ Tcm accumulated in p47
phox À / À spleens than WT and gp91 phox À / À spleens during primary Lm infection, which suggest that the selective expansion of CD8 þ Tcm is impaired in p47 phox À / À mice. These findings also reveal that the Lm elicited peak CD8 þ effector lymphocyte response on post infection day 7, and the mounting CD8 þ central memory lymphocyte response are distinct in WT and Nox2-reactive oxygen species (ROS)-deficient p47 phox À / À and gp91 phox À / À mice. However, the data also demonstrate that p47 phox À / À and gp91 phox À / À phox À / À CD8 þ T-cell subset differentiation and expansion are different during Lm infection, which suggest that the profound p47 phox À / À Tcm death is independent of Nox2 catalytic activity. CD8 þ memory lymphocytes has a pivotal role in the protective immune response against Lm reinfection.
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Strikingly, 65% of p47 phox À / À mice became moribund within 72 h of reinfection with a 10-fold lethal doses of Lm, indicating that the paucity of antigen-specific CD8
þ Tcm was disadvantageous for p47 phox À / À mice (Figure 2e ). In contrast, just 25% of both gp91 phox À / À and WT mice became moribund after Lm reinfection (Figure 2e ), which suggest unlike WT and gp91 phox À / À mice, p47 phox À / À mice lack sufficient CD8 þ Tcm to mount effective T-cell-mediated protection following rechallenge with Lm. Collectively, these investigations demonstrate that there is an essential role for p47 phox protein rather that Nox2 enzymatic activity for CD8
þ Tcm differentiation and survival.
p47
phox À / À Tm loss is mediated by Bim. Analyses of antigen-specific CD8 þ subset phenotypes in the Lm-reinfected WT and p47 phox À / À mice revealed there was significant expansion of both WT and p47 Figure 3 ). However, similar to the primary infection response, the p47 phox À / À antigen-specific Tcm population was still significantly less than WT Tcm 24 h post reinfection (Figure 3a) . Furthermore, and consistent with the specific loss of the Tcm population, 10 days post reinfection there was twofold more contraction in the p47 phox À / À Tcm subset than WT Tcm (Figure 3b ). Additionally, similar to the primary CD8 þ response to Lm, significantly more effector, Tem and Tec, cells accumulated in the spleens of p47 phox À / À mice that survived secondary Lm reinfection than similarly treated WT mice (Figures 3a and b) .
Our previous investigations revealed p47 phox À / À CD8 þ lymphocytes have an intrinsic apoptotic pathway defect and that micro-environmental cues suppress pro-apoptotic Bim and PUMA protein expression in inflamed p47
phox À / À secondary lymphoid tissues. 14 Using flow cytometry we examined these parameters in Lm-infected mice, and observed that nearly twice as many p47 phox À / À CD8 þ T lymphocytes expressed more of the most potent Bim isoform, Bim short (Bim s , 22 ), than similarly treated WT mice after primary Lm infection (Figure 3c ). In response to Lm reinfection, both WT and p47 phox À / À CD8 þ Tem and Tcm expressed more Bim s than Tec (Figure 3d, Supplementary  Figure 3 ). Though as shown in Figure 3d , more p47 phox À / À Tcm than Tem expressed Bim s after Lm reinfection, whereas the reverse was found in similarly treated WT mice. Therefore, these studies demonstrate that although p47 phox À / À mice mount a proliferative CD8 þ memory lymphocyte response to secondary Lm infection, Tcm in Lm-infected p47 phox À / À mice express higher levels of pro-apoptotic Bim than similarly treated WT mice, and ultimately fewer antigen-specific Tcm accumulate in Lm-infected p47 phox À / À spleens. In additional experiments we generated memory CD8 þ cells, by restimulating Lm-infected mouse spleens with OVA 257-264-peptide, in vitro, to allow for antigen-specific T-cell expansion to further examine Bim protein expression and regulation. Flow cytometric analysis of cultured whole spleen populations showed the p47 phox À / À cultures yielded significantly fewer total CD8 þ and Tcm lymphocytes, but significantly more Tem lymphocytes than WT cultures (Figures 4a-c) . In addition, Bim transcription was significantly higher in the ex vivo-induced p47 phox À / À memory CD8 þ cells than similarly treated WT cells (Figure 4d) . Likewise, the analysis revealed that the transcription of PUMA was also significantly enhanced in the ex vivo-induced p47 phox À / À memory CD8 þ lymphocytes (Supplementary Figure 4) . Immunoblots of protein from the CD8 þ lymphocyte isolates also showed enhanced Bim expression in p47 phox À / À memory lymphocytes relative to WT cells (Figure 4e) . Notably, and in agreement with the flow cytometry analysis of Bim expression (Figure 3c ), Bim short is also detectable in p47 phox À / À cells in the overexposed immunoblot image in Figure 4e .
It has been shown that Bim protein expression is regulated via an ERK1/2-dependent post-translational modification. 23 Therefore, we used western analysis to assessed this regulation in the ex vivo-generated spleen CD8 þ memory cells. As shown in Figure 4f , the expression of total and phosphorylated Erk 1/2 were equivalent in ex vivo-generated spleen CD8 þ memory lymphocytes from WT and p47 (Figure 4f ), which indicates that the post translational regulation of Bim 23 in p47 phox À / À CD8 þ memory lymphocytes is comparable to similarly treated WT memory lymphocytes.
phox regulates the post translation modification of FOXO3a through PP2A in CD8 þ memory lymphocytes to control pro-apoptotic Bim expression. Highly phosphorylated FOXO3a is retained in the cytoplasm and targeted for ubiquination, while unphosphorylated FOXO3a translocates to the nucleus and controls the expression of several apoptosis target genes including Bim and FasL. 24 To further distinguish the regulation of Bim in p47 phox À / À CD8 þ memory lymphocytes, we used western analysis to assess the signaling intermediaries involved in Bim protein expression. We found elevated levels of total FOXO3a protein in p47 phox À / À CD8 þ memory lymphocytes relative to similarly treated WT memory lymphocytes (Figure 5a ). In addition, the elevated FOXO3a was hypo-phosphorylated in p47 phox À / À
CD8
þ memory lymphocytes relative to WT, which indicates 
CD8 þ memory cells, and is consistent with finding that Bim transcription is enhanced in p47
phox À / À CD8 þ memory lymphocytes (Figure 4d ).
Various kinases, including AKT and IKK-b, regulate the transcriptional activity of FOXO3a by direct phosphorylation. [24] [25] [26] Furthermore, a recent report by Riou et al. 8 showed AKT and IKK-b regulate FOXO3a phosphorylation to attenuate human CD4 þ memory T-cell apoptosis. Interestingly, we found that compared with WT CD8 þ memory lymphocytes both AKT and IKK-b were hyper-phosphorylated (pIKKa/b (ser176/180) and pAKT (Ser473)/pAKT (Thr308)) in p47 phox À / À CD8 þ memory lymphocytes (Figures 5b and c) , which suggest that the dysregulated FOXO3a activity is not mediated by kinase activity alone in p47 phox À / À CD8 þ memory lymphocytes. Therefore, we speculated whether the decreased phosphorylation of FOXO3a in p47 phox À / À CD8 þ memory cells was due to enhanced phosphatase activity. As shown in Figure 5d , p47 phox À / À CD8 þ memory lymphocytes have more robust PP2A expression than similarly treated WT cells. In additional experiments, we found that using okadaic acid (OA) to selectively inhibit PP2A, 27 enhanced FOXO3a phosphorylation in both p47 phox À / À and WT CD8 þ memory lymphocytes (Figure 5e ), thereby supporting that PP2A also regulates FOXO3a activity in memory lymphocytes. We also found that Bim transcription was reduced by 35% in OA-treated p47 phox À / À CD8 þ memory lymphocytes (Figure 5f ), and that the percentage of non-viable cells in the OA-treated p47 phox À / À CD8 þ memory lymphocyte cultures was reduced 30% compared with untreated p47 phox À / À CD8 þ memory lymphocytes (Figure 5g) . Collectively, these findings demonstrate that PP2A also regulates FOXO3a activity in CD8 þ memory lymphocytes and indicate that p47 phox is necessary for regulating PP2A activity. Furthermore, these investigations suggest that the selective expansion of CD8 þ Tcm is compromised in p47 phox À / À mice during Lm infection because in the absence of p47 phox FOXO3a is transcriptionally activated by a PP2A-dependent mechanism that allows for unchecked Bim expression.
Discussion
Potent T-cell memory is necessary for protective adaptive immunity. Consequently, understanding the molecular mechanism(s) that control memory T-cell survival and turnover are critically important. Apoptosis decisively regulates memory T-cell homeostasis, and several investigations have shown that limiting pro-apoptotic Bim protein activity is pivotal for memory T-cell survival. 4, 7, 8 Intensive investigations also have eloquently demonstrated that Bcl-2/Bim balance is critical for memory T-cell development. Furthermore, a recent investigation by Kurtulus et al. 28 reinforces that Bcl-2 is a critical anti-apoptotic factor that antagonizes Bim activity, and thereby facilitates memory T-cell survival. However, there are other mechanisms that are also important for regulating Bim that need to be elucidated. In that regard, emerging data from investigations of how Bim expression is regulated has demonstrated that FOXO3a is an essential transcription factor that controls Bim expression in CD4 þ memory T cells. 8 In this study we examined the parameters that constrain CD8 þ T lymphocyte death during infection in p47 phox À / À mice, which we previously showed develop lymphoid hyperplasia in part due to suppressed Bim-mediated apoptosis. 14 In response to Lm infection p47 phox À / À T lymphocytes showed decreased survival. Notably, there was a profound reduction phox À / À spleens, and Tcm from secondarily infected p47 phox À / À mice expressed significantly higher levels of pro-apoptotic Bim.
Previous investigations demonstrated that the innate immune response to Lm infection is impaired in mice lacking Nox2-dependent ROS. 29, 30 However, the role of T lymphocyte Nox2 protein-mediated responses in Lm infection remains unclear. In this manuscript, we show for what we believe is the first time that p47 phox À / À and Nox2 enzyme catalytic subunit gp91 phox À / À mice develop distinct T lymphocyte subset responses in response to infection. Specifically, Tcm expansion and differentiation in Lm-infected gp91 phox À / À mice were comparable to similarly treated WT controls. Furthermore, Lm reinfection caused 65% moribundity in p47 phox À / À mice unlike gp91 phox À / À and WT mice. Therefore, we conclude that the observed survival defect in p47 phox À / À CD8 þ memory lymphocytes is due to the lack of phox protein and independent of Nox2 enzymatic activity. Consistent with these observations, a recent report by Purushothaman and Sarin showed short hairpin RNA inhibition of gp91 phox , but not p47 phox inhibited neglect-induced death in activated T cells, and that activated T-cell survival, as well as antigen-specific T-cell persistence and recall, were improved in gp91 phox À / À mice following super-antigen challenge. 31 Also consistent with our observations, Richter et al. 32 reported that independent of its role in generating Nox2-dependent ROS, p47 phox is an important protein for integrating signaling downstream of TLR9 in mouse dendritic cells, thus supporting the idea of distinct and divergent functions for gp91 phox and p47 phox . We used flow cytometry to examine CD8 þ subsets in the context of Lm infection using a previously established classification, which showed antigen-specific memory CD8 þ lymphocytes develop rapidly during Lm infection. 33 Our results showed considerable differences in antigen-specific Tec, Tem, and Tcm populations in Lm-infected p47 24 Thus, FOXO3a is more transcriptionally active in p47
It has been demonstrated that inhibiting AKT and IKK reduces FOXO3a phosphorylation in CD4 þ memory lymphocytes, 8 and that consequently Bim expression was enhanced and apoptosis was induced in the memory lymphocytes. 8 Interestingly, our investigations showed the opposite, that although AKT and IKK were both activated in ex vivogenerated p47 phox À / À CD8 þ memory lymphocytes FOXO3a phosphorylation was reduced. These findings raise additional questions about how FOXO3a is regulated including (1) whether the pro-survival mechanism of the kinases can be redirected toward pro-apoptotic function; and (2) are there other factors that counteract or override the kinase activity? Our investigations revealed data to suggest that another factor, PP2A, may counteract the kinase activity in the absence of p47 phox . Specifically, we determined that the Serine/Theronine phosphatase PP2A is abundantly expressed and hyperactive in p47 phox À / À CD8 þ memory Figure 5 p47 phox regulates the post translation modification of FOXO3a through PP2A in CD8 þ memory lymphocytes to attenuate pro-apoptotic Bim expression. CD8 þ lymphocytes were isolated from the ex vivo OVA 257-264 peptide-stimulated splenocyte cultures described in lymphocytes. We also demonstrated that selectively inhibiting PP2A, 27 enhanced FOXO3a phosphorylation in both p47 phox À / À and WT CD8 þ memory lymphocytes. Additional investigations are required to tease out the specific mechanisms of how phosphatases, such as PP2A, along with p47 phox regulate the post-translational modification of FOXO3a. Both of these questions are the focus of ongoing investigations in our laboratory. Fully active PP2A is a heterotrimeric holoenzyme that consists of a highly conserved catalytic subunit and a scaffolding subunit bound to variable regulatory proteins. 34, 35 PP2A is regulated by post-translational modifications including methylation and phosphorylation. 36, 37 These investigations revealed that PP2A levels are dramatically high in p47 phox À / À CD8 þ Tm, and although the relationship between PP2A and p4 7phox is not yet defined, our data suggest that p47 phox protein can regulate PP2A activity. In addition, it has also been shown that ROS can inhibit PP2A activity and thereby improve cell survival, 38 ,39 thus implicating a potential role for p47 phox in the control of Nox2-independent sources of ROS that may regulate T lymphocyte PP2A activity.
The importance of PP2A for Bim transcription in CD8 þ memory lymphocytes was demonstrated by attenuated FOXO3 activation and reduced Bim transcription in p47 phox À / À CD8 þ memory lymphocytes that were treated with the selective PP2A inhibitor OA, 27 which is an important Serine/Theronine phosphatase in most cells. 34 It has been shown that PP2A dephosphorylates FOXO3a at conserved AKT phosphorylation sites to regulate its subcellular location and transcriptional activity in HeLa cells. 40 In addition, lipoapotosis is mediated by toxic saturated free fatty acids that trigger PP2A activity, which dephosphorylates FOXO3a in hepatocytes. 41 In conclusion, we describe a novel mechanism, which demonstrates that dynamic changes in the phosphorylation state of FOXO3a are not regulated by kinase activity alone, and define a previously unrecognized role for PP2A in the modulation of FOXO3a and CD8 þ memory lymphocyte function. Specifically, these findings implicate a role for p47 phox protein in the dynamic interplay between PP2A and FOXO3a at the level of pro-apoptotic Bim transcription, where PP2A is a regulatory target of p47 phox either directly or through a ROSdependent mechanism. Further studies will discern the role of p47 phox in the kinase-phosphatase balance that regulates FOXO3a and its downstream transcriptional targets in activated CD8 þ memory lymphocytes.
Materials and Methods
Mice and bacteria. NADPH oxidase p47 phox -deficient (p47 phox À / À ) mice have been described. 15 Backcrossing 14 generations with WT C57BL/6NTac generated congenic p47 phox À / À mice on a C57BL/6NTac background. Both congenic p47 phox À / À and WT control mice (C57BL/6NTac) were obtained from Taconic Farms, Inc. (Hudson, NY, USA). p47 phox À / À were housed in aseptic conditions and given water containing Bactrim (0.13 mg/ml trimethoprim and 0.67 mg/ml sulfamethoxazole (Actiatis MidAtlantic LLC, Columbia, MD, USA). gp91 phox À / À /Nox2 -/-B6.129S6-Cybb tm1Din /J mice 17 were obtained from The Jackson Laboratory (Bar Harbor, ME, USA). This study, permit number ASP LHD 11, was reviewed and approved by the Animal Care and Use Committee of the National Institute of Allergy and Infectious Disease of the National Institutes of Health (Public Health Service Assurance A4149-01). The study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health/National Institute of Allergy and Infectious Diseases.
Recombinant Lm (rLM-OVA, 16 
